Abstract-For those shortcomings of current methods in fault diagnosis knowledge representation, it is necessary to use an efficient knowledge model to improve the accuracy of fault diagnosis and to realize the reusing and sharing of machinery fault knowledge. In this paper, an ontology-based fault diagnosis model is established. Focusing on fault diagnosis of rotating machinery, the domain-ontology knowledge base and structure definition of the fault diagnosis are demonstrated in detail. The protégé is used to construct the model of ontology-based fault diagnosis. Furthermore, rules are added and Jena is used to realize the knowledge reasoning. The result indicates that the model of fault diagnosis based on ontology is intuitive and efficient.
INTRODUCTION
Rotating machinery is one of the most common classes of mechanical equipment and plays an important role in engineering applications, like wind turbines, aircraft engines, power generators, etc. With rapid development of science and technology, rotating machinery equipment in modern industry is growing lager, more precise and more automatic [1] . Therefore, there are various methods of knowledge representation for rotating machinery fault diagnosis. For example, the object-oriented method and expert system improve the fault diagnosis ability indeed [2] [3] . Petri network model describes fault diagnosis knowledge for solving the universal representation problem of the fault diagnosis knowledge [4] . Transportation information inquiry system based on rule and case reasoning fills up the knowledge gap between the non-expert users and the Geographic Information System (GIS) experts, and provides the more convenient inquiry way for the users [5] . However, the traditional knowledge representation based on expert system has a heavy architecture and requires a large scale of data and space resources. It provides strong pertinence, yet the expansibility is comparatively weak. Petri network is also weak in fault diagnosis knowledge mining, because it is still insufficient in semantic support, validity and completeness of knowledge base and it cannot achieve the knowledge sharing and reuse.
It is significant to deeply explore fault knowledge and formulate a universal fault diagnosis representation model. Introducing ontology into intelligent fault diagnosis system is a new study. An ontology-based knowledge representation has several attractive features and holds the fact that it focuses on the classification and constraints of allowable taxonomies and definitions. It combines the advantages of the traditional method of knowledge representation and has rich knowledge representation languages.
In this paper, a model is proposed for fault diagnosis of rotating machinery based on ontology. The background of ontology and its development is introduced in Section II. The ontology model of fault diagnosis is constructed in Section III. Section IV completes ontology modeling for fault diagnosis of rotating machinery by use of protégé 4 and realizes the knowledge reasoning for fault diagnosis. In the last section, the conclusion and future work are given.
II. BACKGROUND OF ONTOLOGY AND ITS APPLICATION
Ontology is a term borrowed from philosophy that refers to the science of describing the kinds of entities in the world and the relationships that hold between those entities [10] . We can talk about ontology as a theory with respect to the nature of existence in philosophy. In computer and information science, ontology is a technical term denoting an artifact that is designed for a purpose [11] . It is widely used in the fields of knowledge management, knowledge engineering and artificial intelligence. Each knowledge representation follows a certain degree of conceptualization, either explicitly or implicitly. Ontology-based knowledge representation includes five modeling primitives: conception, attribute, relation, axiom and instance. Web Ontology Language (OWL) is an ontology language recommended by World Wide Web Consortium (W3C) [12] . It is based on a different logical model that makes it possible for concepts to be defined as well as described. For instance, an OWL ontology is an Resource Description Framework (RDF) graph, which in turn is an set of RDF triples that can actually be expressed in Extensible Markup Language (XML), according to RDF/XML syntax.
Ontologies are becoming more popular in academia. There is a tendency both in converting existing models into ontologies and in creating new models. The usage of ontologies for knowledge representation, sharing and high-level reasoning could be seen as a major step towards the area of fault diagnosis. In recent years, many experts proposed researches on the fault diagnosis knowledge representation to a certain degree. Ontology-based knowledge base system has developed rapidly in the fields of transportation, aerospace, communications, forestry, agriculture and so on. For example: ontology-based method was employed in the Research of Knowledge Base System, which provided a basis for the drilling accident emergency decision [6] ; Hong Wen et al. [7] proposed an ontology modeling method of mechanical fault diagnosis system to classify and manage the fault diagnosis knowledge; Zhang et al. [8] built an ontology-based model for blast furnace fault diagnosis; D. Wang et al. [9] constructed ontology of power transformers system and studied on query and inferring of fault diagnosis knowledge. However, a limited research has been reported on using ontology for diagnosing quality and maintenance related problems in rotating machinery fault diagnosis. As ontology has advantages in hierarchy and expression of semantic relationships, the accuracy and correctness would be improved for fault diagnosis of rotating machinery based on ontology.
III. ONTOLOGY MODELING FOR ROTATING MACHINERY FAULT DIAGNOSIS
In modeling, the role of ontology is to analyze the domain knowledge and separate the domain knowledge from operation knowledge. To construct ontology is a complex systematic engineering. We need to have master extensible knowledge classification method in the research field and collect a large number of fault records. Then the knowledge representation and reasoning could be realized, and the characteristics of the domain-specific knowledge should be reflected correctly. Furthermore, the need of facts or goals would be quickly found by reasoning. In order to ensure the correctness of the ontology knowledge representation and the unity of cognition about concept and relationship in the field, the flowchart of knowledge modeling process is shown as Fig.1 .
A. Analysis on fault diagnosis of rotating machinery
As complexity of rotating machinery and particularity of its running environment, the fault diagnosis of rotating machinery becomes more difficult. The task of fault diagnosis is to identify the reason of fault according to the characteristics of vibration, then develop control measures for the particular fault. After information analysis on the fault diagnosis of rotating machinery, the ontology term could be extracted as follows:
Fault_name: According to the hierarchical structure of the rotating machinery, the deterministic faults' names are through analyzing the possible faults and the hierarchy between faults.
Vibration_characteristics: Certain phenomenon would appear when rotating machinery has failures, like the noises and vibrations, thereby some special parameters can be achieved through various sensors to detect the faults. Each phenomenon has a corresponding parameter value. If the value changes, it indicates that the detected part is being in the failure state. In this paper, we select the parameter about vibration characteristics to correspond with fault phenomenon and generate the terms.
Fault_reason: A machine failure is seldomly caused by a single or independent reason; there may be many coupled reasons together. Therefore, a large amount of information needs to be analyzed. In order to have an access quickly to information for maintenance personnel, the cause of fault should be summarized and extracted in the form of the term.
Control_measures: When the cause of fault is determined, the related control measures should be put forward. 
B. Components of ontology
In order to facilitate the construction of this knowledge modeling based on ontology, a definition must be given as followings:
Definition1, ontology can be described as the following formula: O =< C, I, R, A> (1), among them:
The factor C: represents a set of concepts in the field of fault diagnosis of rotating machinery knowledge. The factor R: represents sets of relationships between concepts in the field of fault diagnosis. The factor A: is a set of true axioms. The axiom describes nonrestrictive restraints of a concept and relationship between concepts, which is used to represent the forever-valid statements within the territory of fault diagnosis. The factor I: is a set of instances of concepts and relationships in fault diagnosis of rotating machinery.
C. Construction of fault diagnosis ontology
Ontology provides a set of terms and concepts to describe a certain domain. Based on the above definitions, rotating machinery fault ontology can be constructed in four aspects. The four aspects are class, property, relations and instance. The next section expounds the four aspects.
Class: The aim of rotating machinery fault diagnosis (RMFD) is basically to find possible link path from the fault vibration characteristic (Fvc) to fault name (Fna) or even control measures (Com) through fault reasons (Fsn). Rotating Machinery Fault diagnosis ontology class (RMFDClass) can be defined by the following four-topples formula:
In the formula, Fna is Fault_name class; Fvc is Vibra-tion_characteristics class; Fsn is Fault_reason class; Com is Control_measures class. Also each class has their own sub-classes. Subclass can be defined through inheritance. For example, the Fault_name class includes subclasses: {Rotor bending, Rotor imbalance, Rotor misalignment, Spindle transverse crack, Rotor support parts looseness …}. The table I displays the classes of knowledge ontology in fault field of rotating machinery.
Relations: Fault diagnosis ontology relationship is an abstract about interaction between ontology. Generally, the OWL has four basic semantic relationships: {is_a, part_of, attribute_of, instance_of}. Additionally, some relationships such as union, intersection, complementation and inequivalence still exist in the field of rotating machinery fault knowledge. However, the attribute_of is the mostly used in the ontology modeling of fault diagnosis knowledge.
Property: Based on above definition of concepts and their classification relationship, it still needs to define properties. In order to define the relationships between classes and express the many-to-many relationships, there are three kinds of properties: {object property, data property, annotation property}. Object property is the most important property. It describes a relationship between instances of two classes. When a user defines a property, there are a number of ways to restrict the relation. We define six types of object properties: {hasCharacter, isCharacterOf, hasReason, isReasonOf, hasMeasure, isMeasureOf}, in these six properties, hasCharacter describes relationship between top level class Fault_name and Vibration_characteristic. IsCharacterOf is the inverse property of hasCharacter; hasReason describe relationship between top level class Fault_name and Fault_reason. IsReasonOf is the inverse property of hasReason; hasMessure describes relationship between top level classeFault_reason and Control_measure. IsMessureOf is the inverse property of hasMessure. The logic mapping between objects through relationships is shown as Fig.2 . Additionally, the property may have its own subproperty. For example, as the Vibration_characteristics class has subclasses: {AxisTrack(AT), VibrationStability(VS), EnterDirection(ED), PhaseCharacteristic(PC), CharacteristicFrequency(CF), time_domain_waveform(TDW), VibrationDirection(VD), FrequentFrequency(FF)}, the object property hasCharacter has subproperties: { hasAT, hasCF, hasVS, hasED, hasFF, hasPC, hasTDW, hasVD}. We use them to express relationships between classes exactly and also apply them to reasoning. Data property relates an individual of the subject class and some data type. Annotation property is used to explain some special classes, individuals and properties. The action ranges of object property and data property are limited by their domain and range. Property's domain describes which classes or class instances its subject are, while property's range shows which classes or class instances its object could be. For example, hasReason, its domain is "Fault_name" class, and the range is "Fault_reason" class; hasCharacter, its domain is "Fault_name" class, and the range is "Vibra-tion_characteristics" class; hasMeasure, its domain is "Fault_name" class, and the range is "Control_measures" class. As IsReasonOf is the inverse property of hasReason, conversely, its domain is "Fault_reason" class, and the range is "Fault_name" class. This property related these classes and instances of the former to ones of latter.
D. Brief structure of fault diagnosis knowledge model
The fault diagnosis of rotating machinery knowledge ontology is a foundation to realize the fault diagnosis. OWL and Protégé ontology editor are used to create category and subclass category of ontology domain. The basic attributes restrictions also attaches to ontology. The field of rotating machinery fault knowledge ontology model is made up of knowledge with Fault_name, Vibration_characteristics, Fault_reason and Control_measures. The structure graphic of fault knowledge ontology class is displayed in Fig3. It illustrates the class "Thing" is the parent of each fault knowledge class, and the relationship between superclass and subclass is is_a property. However, each fault knowledge class has its own subclass. The relevant relation description is defined by the corresponding properties. A part of object properties is shown in Fig4. In this paper, we have developed models on diverse dataset containing 326 axioms. The developed ontology model is dynamic; it is able to store instances of multiple rotor machinery faults. Also it has higher description ability and realizes the knowledge sharing between the users in different fields.
IV. THE REALIZATION OF ONTOLOGY-BASED FAULT KNOWLEDGE REASONING

A. Establishment of the rules
Besides information acquisition and sharing, inferring is another important application of ontology. Describing rules formally with logic languages is helpful to increase the diversity and flexibility of rules during simulation. The participation of rules can improve the operating efficiency of the practical application. As OWL mainly describes the fault knowledge about concept relevance based on category, and it is difficult to express the general form rules. Therefore, Semantic Web Rule Language (SWRL) [13] describes rules and constructs a rule base based on OWL ontology base, in order to improve the OWL language which is imperfect in the ability of expression. SWRL is a regular description language that mixed the OWL and rules markup language (RuleML), and it also can combine rules and OWL ontology base well and construct rules by means of existing ontology. It describes the knowledge of OWL ontology by highly abstract syntax expression, which realizes the combination between the rules and OWL knowledge base.
Based on the constructed rotating machinery domain ontology, a part of judgment rules for diagnosis are established in Table II . Rule1 means if vibration characteristics of one fault include: its axis track is ellipse, characteristic frequency is its natural frequency, enter direction is radial, harmonic gets a bit higher, waveform in time domain is low in dynamic balancing, however, phase characteristic and vibration is stable. According to these features, fault name is "Original_imbalance". Rule2 means if the fault type is original imbalance, it may be caused by some reasons: the material is uneven in design and manufacture (DM), some parts of rotor are installed incorrectly in fix and maintain (FM) so that the mating parts of rotor are loosen in machine inferior (MI). Rule3 means if the fault reason is that mating parts loosen, then corresponding control measure is to eliminate the loose parts. 
B. Fault knowledge reasoning
Due to no special reasoning engine has been presented for SWRL at present yet, we use Jena to realize reasoning process. The Jena is a tool library based on Java programming, which aims at the realization of semantic logic using RDF-API as its core. Simple Protocol and RDF Query Language (SPARQL) [14] , as the semantic query language, has multi-data source query function and can perform the data retrieval of multi-source heterogeneous ontology. The procedure of fault knowledge reasoning can be described as: firstly, fault ontology knowledge base, consisting of ontology classes, subclasses and properties, is built by OWL ontology language and the protégé; secondly, according to known relationship, the rule-based reasoning strategy and rotating machinery fault instances are generated; finally, the query and knowledge reasoning would be realized by using user-defined file. In fact, reasoning process is a semantic retrieval processing, the constraints and axiom of fault knowledge ontology eliminates the problem of language ambiguity. Comparing with other system like traditional keyword search, ontology-based semantic retrieval has a higher searching speed and accuracy. We propose query requests according to the users' needs, and then the query processor in the application program executes the semantic expansion.
For example, we have acquired the data of one rotor fault vibration characteristics, we want to query which fault type it is, and then through reasoning to find out the reason of fault. The vibration characteristics of the fault are that its axis track is ellipse, characteristic frequency is its natural frequency, enter direction is radial, harmonic gets a bit higher, waveform in time domain is low in dynamic balancing, phase characteristic and vibration is stable. At first, characteristic parameters of vibration are input. After analyzing the labels and relationships, the instance "Original_imbalance1" of Fault_name class is searched. Then we can get the corresponding Fault_reason. In this example, based on the characteristic parameters of vibration, the name of fault is original imbalance, and some reasons of fault are unreasonable structure, uneven material, low dynamic balancing and so on. The final outcome of query is shown in Fig5; it is obvious that the result is intuitive and exact. Therefore, the proposed model is feasible and effective in fault diagnosis of rotating machinery.
V. CONCLUSION
In this paper, a model is constructed for fault diagnosis of rotating machinery based on ontology. According to the four elements: Fault_name, Vibration characteristic, Fault_reason, Fault_measure, the modeling of fault diagnosis knowledge is discussed in details. Based on the ontology database, the fault diagnosis information and knowledge can be reused and shared. Through establishment of rules, we realize the knowledge reasoning and provide the more convenient inquiry way for the users by Jena. The result indicates that this model of fault diagnosis based on ontology is intuitive and accurate. On the basis of constructed ontology for fault diagnosis of rotator machinery, our future work would focus on increasing expressivity and test scalability of the fault diagnosis through deep analysis of complex signals and more complicated cases, and generation of theoretical rules.
